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The diverse functions of microtubules require stiff
structures possessing sufficient lateral flexibility to
enable bending with high curvature. We used cryo-
electron microscopy to investigate the molecular
basis for these critical mechanical properties. High-
quality structural maps were used to build pseudoa-
tomic models of microtubules containing 11–16 pro-
tofilaments, representing a wide range of lateral
curvature. Protofilaments in all these microtubules
were connected primarily via interprotofilament
interactions between the M loops, and the H10-S2
and H2-S3 loops. We postulate that the tolerance of
the loop-loop interactions to lateral deformation
provides the capacity for high-curvature bending
without breaking. On the other hand, the local molec-
ular architecture that surrounds these connecting
loops contributes to the overall rigidity. Interprotofi-
lament interactions in the seam region are similar to
those in the normal helical regions, suggesting that
the existence of the seam does not significantly
affect the mechanical properties of microtubules.
INTRODUCTION
Microtubules (MTs) are one of the three major types of cytoskel-
eton filaments. They play critical roles in the eukaryotic cell
cycle, particularly when high compressive strength is required.
Biophysical measurements have demonstrated that MTs are
relatively rigid structures in vitro, with a Young’s modulus of
1–2 GPa (comparable to Plexiglas), thus making them over
100 times stiffer than actin filaments (Felgner et al., 1996; Gittes
et al., 1993; Kurachi et al., 1995; Schaap et al., 2006; Venier et al.,
1994). Despite this rigidity, MTs are seen to bend with high
curvature both in vitro and in vivo (Amos and Amos, 1991; Bicek
et al., 2009; McIntosh and Porter, 1967; Poole et al., 1985; Roth
et al., 1988; Schwartz et al., 1997). In cells, MTs are subject to
mechanical stresses, including axial compression, tension, and
lateral forces: their mechanical response, such as bending,
must be functionally appropriate. Their response can be modu-
lated by various microtubule-associated proteins (MAPs) and
small ligands such as Taxol (Dye et al., 1993; Felgner et al.,1022 Structure 18, 1022–1031, August 11, 2010 ª2010 Elsevier Ltd A1997). It is evident that the mechanical properties of MTs are
precisely tuned for MTs’ proper functioning in cells, and there
has been great interest in characterizing the structural basis of
these properties in order to achieve a better understanding of
how these functions of MTs are supported (Kasas and Dietler,
2007; Tuszynski et al., 2005).
Microtubules are constructed from laterally connected proto-
filaments (PFs) that are composed of repeating a/b-tubulin heter-
odimers. The structure of tubulin dimers has been determined
both in straight PFs, by electron crystallography (Lowe et al.,
2001; Nogales et al., 1998), and in curved tubulin complexes,
by X-ray crystallography (Ravelli et al., 2004). Although the
atomic structures of a- and b-tubulins are very similar, they
interact differently with GTP and often with MAPs (Nogales
et al., 1998; Sindelar and Downing, 2007). Disassembly or disso-
ciation of MTs often occurs with splaying and curling of PFs into
stable rings and spirals, reflecting the fact that longitudinal inter-
actions are stronger than those between PFs. Thus, PFs are
considered to be building blocks of MTs, and inter-PF interac-
tions play a critical role in defining the stability and mechanical
properties of MTs.
Although most of the MTs in cells contain 13 PFs (Ledbetter
and Porter, 1964; Tilney et al., 1973), MTs with PF numbers rang-
ing from 8 to 20 have been observed in vitro and in vivo (Bohm
et al., 1984; Chretien and Wade, 1991; Dallai et al., 2006; Dallai
and Afzelius, 1990). Structural differences between a- and
b-tubulin are generally not detected by electron microscopy
(EM) below 8 A˚ resolution (Li et al., 2002), and it is customary
to describe structural types of MTs with PF numbers associated
with the monomer pitch per helical turn. For example, the
common MTs with 13 PF and a 3-start helix will be referred to
as MT 13-3. Based on theoretical calculations of the surface
lattice distortion required for different PF and start numbers,
possible structural types have been proposed for MTs with PF
numbers from 10 to 17 (Chretien and Wade, 1991). While exper-
imental data confirmed the theoretical lattice prediction for
the MTs of 10, 13, 14, and 16 PFs (Hirose et al., 1997; Hirose
et al., 1995; Kikkawa et al., 1995), EM study suggested that
15-PF MTs display a 4-start structure more often than 3 (Lanza-
vecchia et al., 1994; Sosa et al., 1997; Sosa and Milligan, 1996).
It was not clear whether MTs with 11 and 12 PFs have a 2-start
or a 3-start helical structure.
The apparent ease of adoption of different lateral curvatures
among MTs with a range of PF numbers is in line with lateral
deformability of the MT wall. In fact, lateral deformation of MTs
has been visualized in isolated MT doublets from flagellarll rights reserved
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Figure 1. Microtubule Mixtures of Various Structural Types
(A) Typical morphology of frozen hydrated MTs obtained by polymerization of
purified tubulin. A high defocus (7 mm) was used in this picture to enhance
the contrast for visualization. Diameter differences are obvious, demonstrating
that the polymerized MTs are a mixture of multiple structural types.
(B) Distribution of structural types for MTs polymerized with added Taxol (gray
bars), or with 20% DMSO and added Taxotere (black bars).
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Interprotofilament Interaction in Microtubulesaxonemes by cryo-electron tomography (Sui and Downing,
2006), as well as in intact axonemes (Bui et al., 2009; Heuser
et al., 2009). Since the main interaction between PFs involves
loop regions of the tubulin monomers, it has been assumed
that the change in curvature is accommodated by changes in
these loops. In principle, the loops could also provide some
degree of lateral shear. The shear seems to be limited to some-
thing on the order of 1 A˚ under normal conditions (Chretien et al.,
1998). On the other hand, observation of a length dependence of
MT flexibility has been interpreted to indicate that, for small
displacements, the shear resistance is up to six orders of magni-
tude lower than the compressibility of the protein (Pampaloni and
Florin, 2008). Perhaps the most compelling evidence for the
ability of the inter-PF interaction to allow shear is the observation
of a shift of approximately 6 A˚ between the PFs in zinc-induced
crystals and macrotubes (Wolf et al., 1993).
Another factor that could affect mechanical properties of MTs
is the seam in some types of MTs. The seam arises becauseMTs
with an odd start number assemble so as to produce a disconti-
nuity, where the true heterodimer helical lattice is interrupted and
lateral interactions occur between neighboring a- and b-tubulin
monomers (Mandelkow et al., 1986; McEwen and Edelstein,
1980). In the helical structures of 2-start or 4-start MTs, lateral
interactions only occur between two neighboring a-tubulins or
two b-tubulins from adjacent PFs. For the 3-start MTs, the
seam has often been assumed to be relatively unstable, i.e., a
candidate region for where disassembly of MTs originates and
assembly completes (Chretien et al., 1995; Mandelkow et al.,
1986; Simon and Salmon, 1990; Wang and Nogales, 2005).
However, there is little direct experimental evidence to support
that assumption. Thus, the seam’s impact on MT mechanical
properties remains unclear.
In order to better understand the structural basis of the lateral
deformability and mechanical properties of MTs, we have
obtained relatively high-resolution maps for MTs containing
11–16 PFs. Pseudoatomic models of these structures derived
from the density maps have revealed important details about
inter-PF interactions. In particular, these interactions are highly
conserved through awide range of lateral curvatures. The results
provide insights into the mechanical properties and deformation
mechanisms of MTs. Our structural analysis indicates that the
seam region should have little impact on inter-PF interactions,
and thereby mechanical properties of MTs.
RESULTS
Structural Type Distribution of Polymerized
Microtubules
Purified tubulin protein in PIPES buffer was polymerized with or
without 20% DMSO, followed by addition of Taxol or Taxotere
(paclitaxel or docetaxel, respectively) to stabilize the MTs.
Frozen-hydrated samples were prepared within 1 hr of polymer-
ization and examined by cryo-EM. Figure 1A displays the typical
morphology of the samples imaged at high defocus. For both
polymerization conditions, the samples were mixtures of MTs
with various diameters.
The structural difference between a- and b-tubulin is minor
and is essentially invisible at resolutions of8 A˚, typical for struc-
tural studies by cryo-EM. Thus, plain MTs can be treated as trueStructure 18, 1022–helical objects at moderate resolution where the difference
between a- and b-tubulin can be ignored. This approximation
has been used in a previous structural study which revealed
details of secondary structure of the 13-PF MT and allowed
precise docking of the tubulin crystal structure into the density
map (Li et al., 2002). We followed the general strategy of (Li
et al., 2002) for processing the images and generating 3D recon-
structions. In order to obtain relatively high-resolution maps, low
defocus values (0.6–2.8 mm) were used for data collection. As
reported in early studies, Moire´ patterns, produced by superpo-
sition of PFs from the top and bottom of MTs, are easily visible at
high defocus and have often been used for visual identification of
MT types (Chretien and Wade, 1991). However, Moire´ patterns
are not sufficiently clear for identifying MT types in the images
at low defocus without the use of Fourier filtering. Therefore,
we developed a reference-based classification strategy in which1031, August 11, 2010 ª2010 Elsevier Ltd All rights reserved 1023
Table 1. Parameters for the Microtubule Maps of Various Types Computed in This Study
Structural
Type
Symmetry Parameters from IHRSR Refinement Resolution (A˚) Corresponding to FSC = 0.5 Resolution Cutoff
Applied to Final Map (A˚)Rotation() Z-Rise(A˚) Before Symmetrization After Symmetrization
11-3 32.47 11.08 22.2 14.8 10
12-3 29.88 10.16 16.7 9.3 8
13-3 27.69 9.39 16.0 9.8 8
14-3 25.77 8.72 15.3 9.3 8
15-4 23.83 10.81 11.1 8.9 8
16-4 22.40 10.18 17.4 10.5 10
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projections from reference models of the possible structural
types, based on theoretical calculations (Chretien and Wade,
1991). Each rawMT image was boxed into a series of segments,
which were then processed as a group within the data set. When
most of the images in a given group were classified to one struc-
tural type, all of the images in this group were assigned to that
type. This strategy proved to be successful for selection of
good MT images and identification of the helical lattice type.
Figure 1B shows the structural type distributions for MTs poly-
merized under the two conditions used in this work. Previous
work has shown that Taxol and Taxotere affect the PF number
differently (Andreu et al., 1994). Taxol stabilization in the absence
of DMSO promotes the formation of MTs with smaller PF
numbers, and we found about equal numbers of 12-3 and
13-3 MTs. An additional 10% were 11-3. Taxotere plus DMSO
promotes formation of MTs with higher PF numbers, producing
comparable numbers of 12-3, 13-3, and 14-3 MTs, along with
about 10% each for 15-4 and 16-4.
Theoretical calculations suggested the most energetically
favorable start numbers for MTs with various PF numbers (Chre-
tien and Wade, 1991). The prediction has been shown to match
very well forMTswith 10, 13, 14, and 16 PFs (Chretien andWade,
1991; Hirose et al., 1995, 1997; Kikkawa et al., 1995; Lanzavec-
chia et al., 1994), and our results are compatible with the earlier
results. For the 15-PF MTs, the predicted distortions were about
equal for the 3- and 4-start lattices, suggesting that similar
numbers of the two types should be expected. Experimental
data, though, have suggested a preference for the 15-4 struc-
tural type (Lanzavecchia et al., 1994; Sosa et al., 1997; Sosa
and Milligan, 1996). For MTs with 11 or 12 PFs, it had been
unclear what the most common structural types are in vitro.
Our study shows that MTs of 11, 12, 13, and 14 PFs all favor
3-start helical types. Microtubules of 15 and 16 PFs display
mainly 4-start type structures. A few 14-4 and 15-3 structures
were found (Figure 1B), but their populations were too small to
generate reconstructions of good quality.Structures of Microtubules with Different PF Numbers
After supervised classification, for each structural type of MT we
applied the iterative helical real space reconstruction strategy
(IHRSR), to refine their symmetry parameters (Egelman, 2007).
The refinement started with parameters based on the theoretical
prediction (Chretien andWade, 1991;Wade and Chretien, 1993).
The refined symmetry parameters agreed very well with the
predictions (see Table 1).1024 Structure 18, 1022–1031, August 11, 2010 ª2010 Elsevier Ltd ASummation of power spectra of the extracted image boxes
showed layer-lines extending to 10 A˚ and beyond, indicating
the density maps should reveal structural information beyond
that resolution. To estimate the resolution of the final maps, we
calculated Fourier shell correlations (FSC), and the results, at
FSC = 0.5, are listed in Table 1. After symmetry enforcement,
the FSC indicates resolution between 9 and 10 A˚ in all of the
maps, except for MT 11-3 and MT 16-4 which had nominal
values of 14.8 and 10.5 A˚, respectively. However, we noted
that the quality of the MT 11-3 map is significantly better than
that of MT 16-4, suggesting that the FSC = 0.5 criterion is not
the optimal resolution criterion for this study. Therefore, we
used resolution cutoff of either 8 or 10 A˚ for the final density
maps, as listed in Table 1. In all the resultant density maps,
secondary-structural features have been clearly resolved
(Figures 2 and 3).
The density map of MT 13-3 displays straight PFs with no
supertwist (Figure 2C). For most of the other MTs structures,
the resultant density maps display a right-handed supertwist
(MT 11-3, 12-3, 15-4, 16-4), while that for MT 14-3 shows
a left-handed supertwist. These results agree with the theoretical
predictions very well (Chretien andWade, 1991). The supertwists
introduce only very slight deviation from straightness of the
PFs, just discernable for the relatively short lengths of the MTs
that are shown in Figure 2. In contrast, the change in angle
between PFs, reflected in the decrease of the lateral curvature
from MT 11-3 to MT 16-4 is obvious in the end-on views. Fig-
ure 4A shows a comparison of the end-on views of 5 PFs
extracted from the density maps of MT 11-3 and MT 16-4.
With secondary-structural features well resolved in each of the
reconstructions, we were able to precisely dock the tubulin
crystal structure into the density maps, to generate pseudoa-
tomic models for each of the MT types (Figure 3). The structure
of the tubulin dimer obtained by electron crystallography (PDB
ID: 1JFF) is missing residues 35 to 60 in a-tubulin. A homology
model was generated for the missing region (see Experimental
Procedures). Docking was carried out with the rigid body fitting
function in Chimera (Goddard et al., 2007; Pettersen et al., 2004).
Most of the interaction between PFs on one side of the tubulin
dimer involves the M-loop, which connects beta strand S7 and
helix H9, in both a- and b-tubulins. In each of the maps, it was
evident that some adjustment of this loop was necessary to opti-
mize the fit of the crystal structure into the density map, as had
been noted previously (Li et al., 2002). Both loops were moved
slightly (3.3 and 0.5 A˚, respectively) toward the minus end to
match the density map, followed by local geometric refinement
using Coot (Emsley and Cowtan, 2004). As shown in Figuresll rights reserved
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Figure 2. Density Maps for Different Structural
Types of MTs
(A) MT 11-3, (B) MT 12-3, (C) MT 13-3, (D) MT 14-3, (E) MT
15-4, (F) MT 16-4. The secondary structural features are
clearly resolved in the density maps. MT 13-3 has perfectly
straight PFs (C). In contrast, supertwists exist for other
types of MTs. For MT 11-3, 12-3, 15-4, and 16-4, the
density maps display a minor right-handed supertwist
(A and C, and E and F). For MT 14-3, the density map
shows a slight left-handed supertwist (D).
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Interprotofilament Interaction in Microtubules3A–3L, the resultant structure fits into all of the densitymaps very
well.
When the models are viewed from the external side of the MT,
the orientation of the tubulin molecules is very consistent,
producing essentially identical external surfaces featuring H12,
H110, H30, and H4 and the end of H5 (as marked in Figure 3E).
This region is where motor proteins and other MAPs bind to
MTs (Al-Bassam et al., 2002; Hirose et al., 2006; Kikkawa and
Hirokawa, 2006; Mizuno et al., 2004; Sindelar and Downing,
2007).
Conservation of Loop-Loop Interaction under Various
Lateral Curvatures
On the lumenal side of the MTs (Figures 3G–3L), all of the resul-
tant structural maps reveal a very consistent density feature con-
necting between the neighboring PFs, indicating a lateral inter-
action that is highly conserved among all six structural types,
despite the differing lateral curvatures. The connecting density
feature shows a distinctive ring shape (Figures 3G–3L) on the
lumenal side (marked by arrows in Figure 3H and in the end-on
view in Figure 4A at the corresponding regions). This feature
appears to be the major connection to the neighboring PFs.
Docking of the tubulin structure into the densitymaps revealed
that the ring-shaped connecting density features derive mainly
from the M-loops (marked in Figure 5A) (i.e., at the periphery
of the tubulin monomers), which comprise residues Tyr-272
to Ser-287 in a-tubulin, and residues Phe-272 to Val-288 in
b-tubulin. Our results confirm that the M-loops participate in
inter-PF interaction as was reported in previous structural
studies on MT 13-3 (Li et al., 2002; Nogales et al., 1999). Our
density maps also more clearly reveal additional sites of interac-
tion in the region of the PF adjacent to the M loops. Toward the
neighboring PF, the connecting density of the M loop branches
and runs into both the densities of the H10-S2 loop and the
H2-S3 loop (see Figure 5A). The H10-S2 loop is composed of
residues Phe-53 to Arg-64 in a-tubulin, and Tyr-53 to Arg-64 inStructure 18, 1022–1031, August 11,b-tubulin. The H2-S3 loop is composed of resi-
dues Gly-81 to Gln-91 in a-tubulin, and Gly-81
to Asn-91 in b-tubulin. In b-tubulin, part of the
H2-S3 loop forms local helical domains (helices
H20 and H200).
Inter-PF Interactions in the Regions
with Perfect Helical Lattice
and at the Seam
While the above-described loop interactions
provide a mechanism for easy lateral deforma-tion, they must nevertheless be strong enough to confer the
high rigidity and resilience that have been measured in biophys-
ical experiments (Felgner et al., 1996; Gittes et al., 1993; Kurachi
et al., 1995; Schaap et al., 2006; Venier et al., 1994). To obtain
insights into these contrasting properties, we studied molecular
details of inter-PF interactions in our structural models. We iden-
tified a number of candidate residues that may form salt bridges
and contribute to stable inter-PF interactions.
Interaction between the M loop, H10-S2 loop, and helix H3
were originally proposed to be responsible for inter-PF interac-
tion (Nogales et al., 1999). However, from a higher resolution
structural map of MT 13-3, it became clear that helix H3 does
not play a significant role in the interaction (Li et al., 2002). Our
current results further demonstrate that lateral inter-PF interac-
tions involving the M loops and H10-S2 and H2-S3 loops are
the major contacts in MTs with a range of PF angles.
Although side chains are not resolved in our density maps, the
docked atomic structures provide sufficient definition of the
location and the local environment of the peptides that we can
gain some insight into inter-PF interactions.
a-a and b-b Interactions in the Regions with Perfect
Helical Lattice
In the regions with perfect helical lattice, the closest contact
between two neighboring a-tubulin molecules is near Lys 280
(marked in red in Figure 5B) on the M loop between H7 and
S9, andGlu-90 (marked in yellow in Figure 5B) which approaches
from the H2-S3 loop of the neighboring a-tubulin. These 2 resi-
duesmay form a salt bridge and thus provide a stable interaction
between the neighboring a-tubulin molecules. Also, in a possible
second salt bridge, His-283 and the conserved Glu-55 appear to
participate in an interaction between the M loop and the H10-S2
loop. These two connections account for branching of the
density between the neighboring a-tubulins.
Between two neighboring b-tubulins, the M loop is closest to
the H10-S2 loop at Arg-284, which approaches Glu-55 on the
H10-S2 loop of the other b-tubulin of the pair. It provides2010 ª2010 Elsevier Ltd All rights reserved 1025
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Figure 3. Pseudoatomic StructuralModelsDocked
into Density Maps
(A–F) External views of the structures for MT 11-3, MT
12-3, MT 13-3, MT 14-3, MT 15-4, and MT 16-4, respec-
tively. Helices H12, H110, and H30 are marked in (E).
(G–L) The same structures as in (A) to (F), but from the
lumen side. Density features in the inter-PF regions are
consistent across the six structures, indicating a structural
conservation of interactions. A ring-shaped density feature
for the inter-PF interaction is indicated by red arrows in (H).
A homology model of the missing H10-S2 loop has been
included in the fitting for a-tubulin.
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Interprotofilament Interaction in Microtubulesa good environment for a stable salt bridge interaction. In fact,
Arg-284 and Glu-55 have been found to form a stable salt bridge
in a recent molecular dynamics simulation with Taxol present
(Mitra and Sept, 2008). Interaction between the H2-S3 loop
and the M loop occurs where Pro-89 induces a turn in the chain
between Arg-88 and Asp-90 on the H2-S3 loop. Across from it,
on the M loop, are Ser-280, Gln-281, and Gln-282 (marked in
orange in Figure 5B). This environment provides the possibility
of formation of a hydrogen bond network.
b-a and a-b Interactions at the Seam
At the seam, our pseudoatomic structural models for the density
maps of MT 11-3, 12-3, 13-3, and 14-3 display interactions that
are surprisingly similar to those in the perfect lattice region.
As shown in Figure 5C, the b-a interaction closely resembles
the a-a interaction. Glu-55 is conserved between a- and b-tubu-
lins. Asp-90 in a-tubulin and Glu-90 in b-tubulin are both
negatively charged residues. The molecular architecture at the
seam therefore provides an environment conducive to the
formation of a pair of salt bridges between His-283 and Glu-1026 Structure 18, 1022–1031, August 11, 2010 ª2010 Elsevier Ltd All rights reserved55, and Lys-280 and Asp-90, corresponding to
those of the a-a interaction at the perfect lattice
region.
Similarly, the a-b interaction is analogous to
the b-b interaction at the perfect lattice region.
First of all, between the M loop and the H10-S2
loop, Arg-284 and Glu-55 may form a stable
salt bridge. Between the M loop and the H2-S3
loop, the 3 residue group of His-88-Pro-89-
Glu-90 in a is almost identical to the residue
group Arg-88-Pro-89-Asp-90 in b of the perfect
lattice region, suggesting that the same or
a similar kind of interaction exists.
Other Loop Interactions
Besides the contribution of the stable salt
bridges within the connecting loops to the
strength of the inter-PF interactions, the
arrangement of the neighboring loops may pro-
vide a stabilizing architecture to enhance the
connection. As shown in Figure 5A, the densities
of the H10-S2 loop and the H2-S3 loop are sup-
ported by density from the H1-H10 loops (for
both a- and b-tubulins). Next to the M loop
at the right side in a-tubulin, the connecting
density branches out into the end of helix H6and the S9-S10 loop (residues Asn-356 to Gln-372). It appears
that the end of H6 and the S9-S10 loop together stabilize the
M-loop. In our structural model, this region is surrounded by
three negatively charged residues, Glu-279, Asp-218, and Asp-
367, that could potentially form an interaction network around
a trapped, positively charged ion, such as Mg2+. In the corre-
sponding region of b-tubulin, the density is accounted for by
the end of H6 and a Taxol molecule.
Additional Interaction Site for MTs with High Numbers
of PFs
As the number of component PFs increases, decreases in lateral
curvature must eventually result in close contact between two
neighboring tubulin molecules at a radius outside the interacting
loops. The development of an additional contact between neigh-
boring PFs is observed in our densitymap ofMT 16-4 (Figure 4A).
Docking of the atomic structure revealed that the density arises
mainly from helix H3 on one side and the end of helix H9 of the
other. It is noteworthy that this density connects in the region
A B
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Figure 4. End-On Views of the MT Density
Maps and the Structural Model of MT
Lateral Deformation
(A and B) Significant difference in lateral curvature
for the extreme pairs of our structural maps and
models, MT 16-4 and MT 11-3. Arrows point to
lateral connection region in (A) the density maps
and (B) the structural models; here, loops
belonging to adjacent tubulin molecules in the
neighboring PFs appear to mediate the inter-PF
interaction.
(C) Model for 8% deformation of the 13-3 MT,
a degree of deformation that has been found
experimentally in the A-tubule of MT doublets.
The red arrow indicates a closely packed region
in which lateral curvature is decreased; the blue
arrow indicates a loosely packed region with a
high lateral curvature.
See also Movie S1.
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Interprotofilament Interaction in Microtubulesnear the salt bridge-forming residues Lys-124 and Glu-290,
which are conserved between a- and b-tubulin.
DISCUSSION
It is not surprising that most of the accommodation of variation in
lateral curvature of the MT wall occurs in the loop region, where
the M, H10-H2, and H2-S3 loops interact and connect neigh-
boring PFs. However, the consistency of the density character-
istics in this region, along with the lack of detectable changes
within the core of the tubulin molecules, are remarkable features
of our set of reconstructions. The inter-PF interaction involving
the connecting loops on adjacent PFs (Figures 4A and 4B) is
conserved across six structural types and apparently provides
enough flexibility to allow a fairly wide range of angles between
PFs. It is well known that polymerization of purified tubulin
protein always produces a mixture of multiple structural types
with different PF numbers and lateral curvatures. Apparently,
environmental fluctuations are sufficient to cause variation in
structural type and lateral curvature. The ease with which the
MTs adapt to different lateral curvatures corresponds to the
experimentally measured low resistance to lateral deformation.
This property may be limited to MTs with moderate numbers of
PFs, i.e., around 13, given the finite limits on lateral curvature
(Figure 4C,; see Movie S1 available online).
Taxol has been proposed to stabilize MTs by promoting a
conformation of the M loop that favors the inter-PF interactionStructure 18, 1022–1031, August 11, 2010 ªas the drugmolecule occupies the pocket
between the M-loop, the S9-S10 loop,
and helices H6 and H7 (Nogales et al.,
1999). It may be that Taxol pushes the
M loop out to extend further toward the
neighboring PF, which would actually
enhance its flexibility. Conflicting results
have been reported concerning the effect
of Taxol on the rigidity of MTs (Dye et al.,
1993; Felgner et al., 1996; Gittes et al.,
1993; Kurachi et al., 1995; Mickey and
Howard, 1995; Venier et al., 1994). The
current consensus is that Taxol increasesMT flexibility, which would be in line with an increased flexibility
of the M-loop.
Since the loops of the inter-PF interactions and their support-
ing structures are positioned toward the lumenal side of the
MT, binding of inner-MT associated proteins (iMAPs) to the
lumen sidewall ofMTs could have substantial effects on the local
interactions between neighboring PFs. In the complete tubule
of MT doublets isolated from sea urchin sperm flagella, iMAPs
were found to run across PFs on the lumenal side (Downing
and Sui, 2007; Sui and Downing, 2006). Their binding pattern
showed some resemblance to that proposed for the MAP tau
when it is copolymerized with tubulin (Kar et al., 2003). These
iMAPs were proposed to stabilize the MT structure so as to
allow bending as the active beating motion of flagella occurs.
Binding of these iMAPs to the lumen side may also contri-
bute to the lateral deformation of MTs seen in the doublet
structure.
The ability to respond to stress by lateral deformation is surely
an important property of MTs that allows them to maintain struc-
tural integrity. For example, the ability to bend is important in
MTs’ function as major cytoskeleton components, as MTs are
often subjected to sharp bending or buckling in live cells. In a
recent study of MT curvature in LLC-PK1 cells, MT bending
driven by associated motor proteins was seen to reach a high
curvature, over 3 mm-1 (Bicek et al., 2009). It is difficult to imagine
such a high degree of bending in the absence of some compo-
nent of lateral deformation. Clearly, though, the structure has a2010 Elsevier Ltd All rights reserved 1027
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Figure 5. The Structure of Inter-PF Interactions
(A) The M loop (marked in magenta) of one tubulin molecule interacts with both the H10-S2 loop (in yellow) and the H2-S3 loop (in red) of the adjacent tubulin
molecule in the neighboring PF. The densities of the H1-H10 loops (in green) merge into the densities of for H10-S2 loop and the H2-S3 and contribute to stabilizing
the H10-S2 and H2-S3 loops. In the neighboring a-tubulin molecules, the densities from the end of the helix H6 (in white) and the S9-S10 loop (in orange) run into
the ring-shaped density of theM loop andmay stabilize the latter. In the b-tubulin molecule, Taxol occupies the pocket betweenM-loop, S9-S10 loop, H6, and H7
and may push the M loop out to extend further toward the H10-S2 and H2-S3 loops in the neighboring PF.
(B) In the region of perfect helical lattice, the a-a interaction provides an environment of salt bridges between Lys 280 andGlu 90, and between His 283 andGlu 55.
The b-b interaction offers an environment conducive for a salt bridge between Arg 284 and Glu 55. The interaction between the M loop and the H2-S3 loop
involves segment Ser-Gln-Gln from the M loop and segment Arg-Pro-Asp from the H2-S3 loop.
(C) At the seam, the b-a interaction is very similar to that of a-a interaction in the perfect lattice region and provides an environment for salt bridges Lys 280 to Asp
90 and His 283 to Glu 55. The a-b interaction resembles that of b-b in the perfect lattice region, with salt bridge-forming residues Arg 284 and Glu 55 very close
to one another. The interaction between the M loop and the H2-S3 loop involves segments His-Pro-Glu from the M loop and Ser-Gln-Gln from the H2-S3 loop.
The His-Pro-Glu at the seam and the Arg-Pro-Asp in the perfect lattice region are highly conserved and have very similar properties.
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Interprotofilament Interaction in Microtubulesresistance to complete flattening that would allow formation of
a sharp kink. Static deformation is also found in some MTs,
particularly in flagella and cilia. In eukaryotic flagella/cilia, MTs
exist mainly in the doublet form and are subject to various bend-
ing motions through the beating cycle. In our recent study of
sea urchin doublets by cryo-electron tomography, the A-tubule
displayed lateral deformation of about 8% giving rise to an oval
cross section, while singlet MTs retained their cylindrical shape
in the same tomogram (Sui and Downing, 2006). Figure 4C
shows our structural model of the 13-3 MT, after application of
an 8% deformation as in the MT doublet. Within the A-tubule,
the angle between PFs varied within the range typically seen for
10-PF through to 17-PF MTs. Apparently, loop-loop interaction
provide the flexibility required to accommodate lateral curvature
changes and may contribute significantly to the bending
response of MTs.
As discussed above, lateral deformation, while an intrinsic
property of MTs, is limited by geometric constraints of the tubulin
molecules. A decrease in curvature will bring the neighboring
tubulin molecules closer at high radius (as indicated by the red
arrow in Figure 4C). Decrease in curvature beyond the point
where neighboring tubulin molecules encounter one another
would impose stress on the loop interactions that could result
in disruption of the MT structure. An indentation measurement
on MTs in vitro reported an elastic lateral deformation of about
15% before the MT broke (de Pablo et al., 2003; Schaap et al.,
2006). That deformation limit is twice the intrinsic deformation
that we found in the doublet MT (Figure 4C). If uniformly distrib-
uted, it would result in inter-PF angles corresponding to those in
MTs with between 8 and 21 PFs.1028 Structure 18, 1022–1031, August 11, 2010 ª2010 Elsevier Ltd AAs lateral curvature further decreases, contacts between
neighboring tubulin molecules could increase the stress at the
loop-loop interaction region. In the extreme, the loop-loop inter-
action would be disrupted, resulting in a collapse of inter-PF
interaction, as observed in the indentation experiments. Also
with decreasing lateral curvature, other types of inter-PF interac-
tion could arise between neighboring PFs. Some interaction has
been observed in the 16-PFMTs in this study. How theMT struc-
ture adapts to accommodate larger numbers of PFs, up to 20,
found in accessory MTs of spermatozoa in several insect
species (Dallai et al., 2006), remains to be investigated.
Our structural models indicate a similar architecture for inter-
PF interactions at the seam and the region of perfect helical
lattice. We also compared our density map and structural model
of MT 13-3 with the MT-kinesin density map published recently
(EMDB ID code: EMD-1340) (Sindelar and Downing, 2007), as
well as several improved maps (Sindelar and Downing, 2010).
In the MT-kinesin maps, a- and b-tubulins are clearly discrimi-
nated, so we can examine any differences that exist between
the a-a and b-b interactions. At the resolution of those studies,
i.e., about 8 A˚, the densities in the regions of aa and the bb
interaction of the kinesin-decorated MTs are indistinguishable
and match the density seen in the present work. Our struc-
turemodel and densitymapsmatch verywell with theMT-kinesin
map at the seam region and in the region of perfect helical lattice
(Figure S1), providing additional support to our conclusions.
Conclusion
Density maps of multiple structural types of MTs have been
obtained at a resolution sufficient that we can clearly visualizell rights reserved
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Interprotofilament Interaction in Microtubulessecondary-structural features. These maps have enabled us to
build pseudoatomic models for MTs 11-3, 12-3, 13-3, 14-3,
15-4, and 16-4. Analysis of the density maps and the structural
models has provided insights on inter-PF interactions under
various lateral curvatures. Low resistance to lateral deformation
is an intrinsic property of MTs that is essential for maintenance of
structural integrity during bending or buckling. The inter-PF inter-
actions arise mainly between the M loops of tubulin molecules in
one PF and the H10-S2 and H2-S3 loops of tubulin molecules in
the neighboring PF, and they provide flexibility to accommodate
lateral deformation. Meanwhile, strong inter-PF interactions are
supported or stabilized by local architecture at the lumen side
that may contribute to the overall rigidity of MTs. Microtubules
have an elegant architecture that confers both the rigidity and
flexibility that are essential to the astonishingly diverse MT func-
tions in cells and organelles. Binding of iMAPs or ligands on the
lumenal side of the MTsmay directly modulate the inter-PF inter-
actions and their stabilizing structures, thereby modifying the
mechanical properties of the MT. Inter-PF interactions at the
seam are very similar to those in the regions of perfect helical
lattice, suggesting that the existence of the seam, when present,
is not a significant factor in determining the mechanical proper-
ties of MTs.
EXPERIMENTAL PROCEDURES
Microtubule Polymerization
Polymerization was carried out under two experimental conditions, using puri-
fied bovine brain tubulin (Cytoskeleton, Inc). (1) Taxol condition. Frozen tubulin
with a concentration of 10 mg/ml in PEM buffer (80 mM PIPES [pH 6.8], 1 mM
EGTA, 1mMMgCl2, and 1mMGTP) was thawed on ice and centrifuged at 4
C
at 355,000 3 g (100,000 rpm; Beckman Coulter TLA 120.2 rotor), to remove
any precipitate. GTP was then added to the supernatant to a final concentra-
tion of 1 mM, and the mixture was incubated at 37C for 20 min. Two hundred
micromolars Taxol (paclitaxel; Sigma) in low-PEM buffer (25 mM PIPES
[pH 6.8], 25 mM NaCl, 1 mM EGTA, 2 mM MgCl2) was prepared during incu-
bation and then added to the sample to a final concentration of 60 mM, along
with 3% DMSO from the original Taxol stock. After an additional 15 min incu-
bation at 37C, the sample was placed on top of 60% glycerol in Low-PEM
buffer and centrifuged for 20 min at 89,0003 g (50,000 rpm; TLA 120.2 rotor).
The resulting MT pellet was washed two times and resuspended in 10 ml low-
PEM buffer for TEM specimen preparation. (2) DMSO and Taxotere condition.
The polymerization process was the same as that for Taxol condition
described above, except that 20% DMSO was added to the supernatant
together with 1 mMGTP before it was incubated at 37C, and Taxotere (doce-
taxel, Sigma) was used as the stabilizing agent instead of Taxol.
Electron Microscopy
TEM specimens were prepared with copper grids covered by in-house
prepared holey carbon films, which weremade as replicas of 2 mmNucleopore
filters (Whatman/Schleicher&Schuell), usingVictawet (E. F. Fullam) asaparting
layer. The sample solutions preparedasdescribedabovewere applied toglow-
discharged grids, which were briefly blotted with #1 filter paper (Whatman) at
the edge and then plunged into liquid ethane cooled by liquid nitrogen.
Frozen hydrated specimens were examined with a JEOL-4000 microscope
operating at 400 kV and 60,000 magnification. About 550 micrographs were
recorded on Kodak SO-163 film with defocus ranging from 0.6 to 2.8 mm.
The micrographs were digitized with a customized robotic scanning system
that uses a Nikon Coolpix 8000 scanner (Typke et al., 2005). The final pixel
size of the digitized images was about 1.05 A˚.
Image Analysis
In general, the image processing followed a single-particle strategy, using
customized scripts written in the SPIDER package (Frank et al., 1996). ImageStructure 18, 1022–boxes, each containing about 10 dimer repeats, were extracted along MTs in
the digitized micrographs. Boxes from each MT were treated as a group and
processed as described previously (Li et al., 2002), with some modifications
as detailed in the main text. The power spectra of selected image boxes
show the second layer-line corresponding to 20 A˚. The best images show
layer-lines extending to 10 A˚ in power spectra averaged from aligned image
boxes of a single MT. The layer-lines corresponding to 80 A˚ repeats were
not visible which indicates that there is no detectable structural difference
between the a- and b-monomers in these plain MTs at the resolution of exper-
iment. Ignoring the difference between a- and b-tubulin, we treated theMTs as
helical objects. As described below, all extracted images were aligned parallel
to a box edge, using the strategy described by Li et al. (2002), and then sub-
jected to supervised classification. For each structural type, the iterative helical
real space reconstruction strategy (IHRSR), was applied to refine the
symmetry parameters and reconstruct density maps (Egelman, 2007).
Image Extraction
For each MT, the coordinate pairs denoting its head and tail were marked out
manually and saved in a document file. These coordinates were used to calcu-
late the rough orientations of theMTs. Coordinates of image box centers along
each MT were also calculated, for image extraction. Coordinate and orienta-
tion parameters were updated after each step of image processing.
In-Plane Rotation Alignment
The extracted images were aligned following the methodology described by
Li et al. (2002). In brief, a Radon transform of the power spectrum was
computed for each image box. The peak position in the sinogram provided
the in-plane rotational angle by which the MT segments would become
precisely aligned with the box edge. Before this strategy was applied to exper-
imental data, MT models with different number of PFs (PFs 10–17) were used
to test whether it would work with the full range of MT types. The results
confirmed that the supertwist that is seen for all but the 13-PF MTs did not
introduce any problems.
Supervised Classification Based on Multiple Model Volumes
Classification of images into different structural types was carried out with
a supervised classification strategy. Microtubule models for classification
were generated from an electron-crystallographic structure of tubulin dimer
(PDB ID: 1JFF) (Lowe et al., 2001) and the theoretically predicted symmetry
parameters (Chretien and Wade, 1991). To avoid bias, the model maps used
for supervised classification were filtered to a resolution of 36 A˚. Structural
models of the following types of MTs were used for supervised classification,
MT 9-2, 10-2, 11-2, 11-3, 12-2, 12-3, 13-3, 14-3, 14-4, 15-3, 15-4, 16-4, 17-4.
Projections of these volumes were then calculated at 0.5 intervals around the
MT axis, including up to ±15 out-of-plane tilt. Extracted images from a given
MT were processed as a group. The PF number, polarity, and start number of
the MT were analyzed sequentially. For each round of classification, the class
of that group of images is identified and accepted for further processing only
when the majority of the images (70%) fell into a certain class.
Refinement of Symmetry Parameters
In order to determine the symmetry parameters for each type of MTs, we
applied the iterative helical real space reconstruction (IHRSR) strategy (Egel-
man, 2007) with some modifications, to the selected images of each MT
type. In brief, for each structural type, the reference model volume (filtered
to resolution of 36 A˚) was used only one time as the initial model. Selected
images of each type of MT were aligned against the projections of the refer-
ence model volume. 3D data volumes were generated using aligned images;
these then served as the reference for the next cycle of iteration. IHRSR was
first performed for binned images with a pixel size of 8 A˚. When refinement
of the symmetry parameters stabilized (normally within 10 cycles), images
with pixel size of 4 A˚ and then 2 A˚ were used for further IHRSR refinement.
The final 3D volume for each structural type was obtained by weighted back
projection following (Sindelar and Downing, 2007; Yonekura and Toyoshima,
2000). Symmetrization was imposed followed by Fourier amplitude compen-
sation at high resolution.
Pseudoatomic Model Building
The structure of the tubulin dimer obtained by electron crystallography (PDB
ID: 1JFF) (Lowe et al., 2001) is missing residues 35–60 in a-tubulin. A homology
model was generated for the missing region, using the assumptions that the
lowest energy structures are similar between the a- and b-monomers for
this region, and that the region in a-tubulin is more flexible than in b-tubulin1031, August 11, 2010 ª2010 Elsevier Ltd All rights reserved 1029
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Interprotofilament Interaction in Microtubules(N. Banavali, personal communication, 2009). The tubulin dimer structure was
fitted into the density maps using the rigid body fitting function in Chimera
(Goddard et al., 2007; Pettersen et al., 2004). To match the density maps,
the M-loop were moved 3.3 and 0.5 A˚, respectively in a- and b-tubulin, toward
the minus end of MTs, followed by local geometric refinement using Coot
(Emsley and Cowtan, 2004). The pseudoatomic models of the various types
of MTs were then generated by application of a symmetry operation to the
fitted structural coordinates. Figures in this paper were generated with
Chimera.
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